In bacteria, archaea, fungi and plants the Trk, Ktr and HKT ion transporters are key components of osmotic regulation, pH homeostasis and resistance to drought and high salinity. These ion transporters are functionally diverse: they can function as Na 1 or K 1 channels and possibly as cation/K 1 symporters. They are closely related to potassium channels both at the level of the membrane protein and at the level of the cytosolic regulatory domains. Here we describe the crystal structure of a Ktr K 1 transporter, the KtrAB complex from Bacillus subtilis. The structure shows the dimeric membrane protein KtrB assembled with a cytosolic octameric KtrA ring bound to ATP, an activating ligand. A comparison between the structure of KtrAB-ATP and the structures of the isolated full-length KtrA protein with ATP or ADP reveals a ligand-dependent conformational change in the octameric ring, raising new ideas about the mechanism of activation in these transporters.
The Trk/Ktr/HKT superfamily of ion transporters includes the Trk, Ktr and HKT transporter families 1 . These transporters are closely related to the superfamily of tetrameric cation channels 2-4 , which includes potassium, sodium and calcium channels. The membrane proteins in both superfamilies share the same architecture 2,5-9 : four subunits or repeats, each with the TM-P loop-TM (where TM indicates transmembrane helix) structural motif first seen in the KcsA potassium channel structure 10 , assemble to form an ion pore with a 'selectivity filter' along its central axis. In addition, the cytosolic regulatory proteins of the Trk and Ktr transporters and of the MthK 11,12 and large-conductance Ca
21
-gated (BK) K 1 channels [13] [14] [15] are RCK (regulate conductance of K 1 ) domains. Ktr ion transporters are crucial K 1 transport systems in some bacteria 16, 17 , with a role in resistance to osmotic stress and high salinity by mediating the early uptake of K 1 (refs 16, 18) . The Ktr ion transporters are composed of two essential components 3, 16 : a membrane protein (KtrB or KtrD) and a cytosolic regulatory protein (KtrA or KtrC). Studies with cells show that Ktr proteins 8, 19 transport K 1 but are also permeable to Na 1 , and that K 1 transport is ATP 20 and Na 1 dependent 5, 8, 18 . Furthermore, it has been shown that truncated KtrA forms octameric rings 21, 22 and that KtrB assembles as homodimers 6, 21 . The structures described here clarify the molecular basis of some of these properties as well as the structural relationship between these transporters and ion channels.
KtrAB architecture
We have determined the structure of a KtrAB potassium transporter with diffraction data to 3.5 Å ( Fig. 1 and Supplementary Table 1) . Two diffraction data sets to better than 4 Å were collected out of many thousands of crystals tested. The structure was determined from an anisotropic diffraction data set which extends to 3.3 Å in the best direction; four-and eight-fold averaging together with cross-crystal averaging led to the calculation of high-quality electron-density maps ( Supplementary  Fig. 1 ). The crystallographic asymmetric unit contains a KtrA octameric ring associated with two identical KtrB dimers, one on each face of the ring ( Supplementary Fig. 2 ). This arrangement resulted from the in vitro assembly of independently expressed and purified protein components and the existence of two identical KtrB binding surfaces in KtrA.
In the bacterial membrane the KtrAB complex is composed of a homodimeric KtrB membrane protein and a cytoplasmic octameric KtrA ring (Fig. 1a) . The KtrA octameric ring (Fig. 1a, b and Supplementary Fig. 3 ) is a four-fold symmetric assembly of four KtrA dimers with the typical RCK domain arrangement 12, 13, 15 , the amino (N) lobe forming the ring and the smaller carboxy (C) lobe at the periphery. The ligandbinding site in the N lobe is occupied by an ATP molecule ( Fig. 1a and Supplementary Figs 1b and 3b) . The inner circumference of the ring delimits a ,30-Å -wide hole which, together with gaps (approximate dimensions: 17 Å by 9 Å and 18 Å by 11 Å ) between the surfaces of the KtrB homodimer and the KtrA ring, give access from the cytosol to the cytoplasmic pore of KtrB ( Fig. 1b and Supplementary Fig. 3a) .
The interactions between KtrB and the KtrA ring are an important difference relative to K 1 channels [11] [12] [13] [14] [15] . In channels the pore subunit and one or two RCK domains are encoded in the same polypeptide and the RCK octameric ring hangs from the cytoplasmic face of the membrane protein through a polypeptide tether. In the KtrAB complex, the KtrB homodimer sits directly on a face of the KtrA ring (Fig. 1c) , close to a ring diagonal, and cytoplasmic loops establish two different types of contacts with pairs of RCK domains in the ring: the lateral contact and the tip contact (Fig. 1c, d ). The lateral-contact regions involve a mid-section of the KtrB carboxy terminus, which runs along the homodimer interacting with the neighbouring KtrB subunit and the KtrA ring (Fig. 1c, d and Supplementary Fig. 4a ). The tip-contact regions occur at the apexes of the cytoplasmic face of the KtrB homodimer (Fig. 1c, d and Supplementary Fig. 4b ) where the KtrB cytoplasmic loops connecting repeats D1 and D2 interact with two opposing KtrA subunits. The functional relevance of these interactions and of our in vitro assembled KtrAB complex is demonstrated in the Supplementary Discussion.
KtrB structure
The KtrB subunit structure has four repeats (D1 to D4) wrapped around a central axis and cradling the selectivity filter (Figs 1c and 2a) . Each repeat (Supplementary Figs 5a, b) includes the M1 helix spanning the bilayer, followed by the P-loop region (that includes the pore (P) helix and the selectivity-filter sequence) and a second shorter (M2a) helix, which ends close to the centre of the membrane. A C-terminal (M2b) helix completes each repeat, running at a shallow angle towards the membrane cytoplasmic face. The selectivity filter is funnel-shaped with its wider mouth (11-13 Å across) towards the extracellular face and the single ion-binding site forming the narrow end ( Fig. 2a and Supplementary Fig. 5b ). Immediately below the KtrB selectivity filter there is an intramembrane loop (Fig. 2a-c) , a residue stretch that connects helices M2a to M2b in repeat D3 and is composed almost exclusively of glycines, alanines and serines ( Supplementary Fig. 5c ). The intramembrane loop together with a highly conserved arginine (R417) form a structure that blocks access between the selectivity filter and the cytoplasmic pore; mutations or truncations in this region increase ion flux and this region has been proposed to be a transporter gate 9, 19 . An open pathway runs from the R417/intramembrane loop to the cytoplasmic face of the protein (Fig. 2a) . The pathway is lined by a mix of polar and apolar residues and is ,4 Å wide at its narrowest point. Overall, this architecture resembles closely the architecture of potassium channel pores ( Supplementary Fig. 6 ).
The monomer and homodimer structures of KtrB and of the related TrkH 9 (a Trk membrane protein) are very similar (Supplementary Fig. 7) . A major difference between KtrB and TrkH is found in the C terminus. In KtrB the long C terminus runs from one subunit, forms a lateral contact and snakes into the cytoplasmic pore of the neighbouring KtrB, finishing just below the intramembrane loop (Figs 1c, d and 2a, b) . In contrast, the TrkH C terminus is much shorter and does not establish any contacts ( Supplementary  Figs 5c and 7a, b) . The last seven residues of the KtrB C terminus ( Supplementary Fig. 1c ) line the wall of the cytoplasmic pore of the neighbouring subunit (Fig. 2a, b) . The highly conserved C-terminal glycine (G445) is positioned with its carboxylate interacting with the side chain of a lysine, which is part of the intramembrane loop and is conserved in both the Ktr (K315 in KtrB) and Trk (K357 in TrkH) transporters (Fig. 2c ). The C-terminal glycine does not exist in Trk proteins, but in the TrkH structure the side-chain carboxylate of a conserved glutamate (E470) occupies the same volume as the glycine carboxylate and also interacts with the lysine.
To assess the importance of positioning a carboxylate close to the intramembrane loop we generated truncations of the C-terminal residues and evaluated their impact in a growth complementation assay 3,6,8 of the TK2420 Escherichia coli strain. This strain has its major K 1 transport systems disabled and only grows in K 1 concentration $30 mM; however, when expressing wild-type KtrAB it can grow in K 1 concentrations of ,0.3 mM. The position of the carboxylate does not seem to be essential as sequential truncation of up to three C-terminal residues has no effect or causes only a small shift in rescue (Fig. 2d) . Furthermore, the stability of the KtrAB complex seems to be undisturbed (Fig. 2e) . However, removal of four residues results in a non-functional transporter, equivalent to control plasmid (Fig. 2d) . Consistently, KtrB without the last four residues, although it still forms a homodimer, does not assemble with KtrA (Fig. 2e ). All mutations display similar expression levels ( Supplementary Fig. 4f ). Presumably, the fourth residue, a conserved apolar residue which in the structure seems to function as a C terminus anchor, has a role in the positioning of the C terminus and therefore on the stability of the C-terminus-mediated lateral contact. Notably, we had previously shown that truncation of the last 10 or 15 residues of the C terminus abolishes strain complementation and destabilizes the KtrB dimer 6 . Although we cannot rule out more subtle functional roles for the C terminus, such as cooperativity between KtrB subunits, our results demonstrate that the C terminus has a role both in the stability of the KtrB homodimer and of the KtrAB complex. 
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Regulation of KtrAB activity
We first determined that KtrA has a strong binding preference for ATP and ADP over other small molecules (Fig. 3a) resembling other KtrA proteins 20 . The functional effect of these two ligands was then evaluated in a 86 Rb 1 uptake assay 6,9,23 by reconstituting KtrAB with ATP or ADP ( Supplementary Fig. 8a ) in the presence of an excess of KtrA to minimize the formation of the KtrB-KtrA-KtrB complex. KtrB alone was also reconstituted; it allows K 1 into cells but less efficiently than KtrAB 8 . All protein forms mediate flux in this assay (Fig. 3b) . Importantly, flux is markedly higher with ATP, supporting previous cell-based results 20 which showed that ATP is an activator of KtrAB. Noticeably, the 86 Rb 1 flux difference between KtrAB-ATP and KtrB (,2-fold difference at 30 min) is smaller than expected from K 1 uptake measurement in cells 8 (,10-fold difference in V max ), which may indicate that, in addition to ATP, other activating factors are necessary for full transporter activity.
To understand how the two ligands affect KtrA we determined the crystal structures of this protein bound to ATP and ADP at ,3.2 Å and ,2.9 Å , respectively (Fig. 4a, b and Supplementary Table 1 ). The ADP-and ATP-bound octameric rings adopt different conformations: the KtrA-ATP ring adopts a four-fold symmetric square conformation and the KtrA-ADP ring adopts a two-fold symmetric diamond conformation. A conformational difference is also observed in solution, through controlled proteolysis ( Supplementary Fig. 8b ). Both structures present clear electron density for the ligand's adenosine and phosphate groups ( Supplementary Fig. 1d, e) . Although the conformation of the adenosine group and its interactions with the protein are very similar in the two structures, the phosphate groups are rearranged (Fig. 4c) ; in particular, the c-phosphate in the ATP structure occupies the position taken by the b-phosphate in the ADP structure. This is accomplished by a shift in G79 and a repositioning of the a-and b-phosphates relative to the ADP structure. The phosphateprotein interactions are also different: in the ADP structure the b-phosphate interacts with residues from its own binding site, in particular with the side chains R16 and K103; in contrast, in the ATP structure the c-phosphate interacts with R16 from its binding site, whereas the b-phosphate interacts with R16 from the neighbouring KtrA subunit binding site (Fig. 4c) . Presumably owing to the intradimer interactions mediated by ATP, the two binding sites within a KtrA dimer are brought together through a ,16u change in the angle between subunits (Fig. 4d) ; the distances separating the conserved D36 in the two binding pockets are ,35 Å in the ADP structure and ,30 Å in the ATP structure. This dimer rearrangement is accompanied by rigid-body rotations across two of the four dimer-to-dimer interfaces in the ring and is reflected in the different ring conformations. Most notably the distance separating F71 (a KtrA residue that participates in the KtrAB tip contact region) in opposite ring subunits is 68.7 Å in the KtrA-ATP ring, whereas in KtrA-ADP the equivalent distances are 68.3 and 81.8 Å (Fig. 4a, b) . Similarly, the distance separating L66 (a KtrA residue that participates in the KtrAB lateral contact region) in KtrA-ATP is 49.8 Å , whereas the equivalent distances in KtrA-ADP are 49.8 and 66.1 Å . Therefore, the conformational change from the KtrA-ADP ring to the ATP ring involves the asymmetric contraction of the ring, with one diagonal direction changing by 13-16 Å , whereas the other diagonal is unaffected.
Notably, the conformation of the octameric ring and the details of ligand binding are basically identical between the isolated KtrA-ATP ARTICLE RESEARCH structure and the KtrA structure that forms the KtrAB-ATP complex ( Supplementary Fig. 3a ). This suggests that unlike truncated KtrA (composed by N lobe alone; Supplementary Fig. 9 ) where ligand binding and ring conformation are uncoupled 21 , in the full-length KtrA the ATP molecule induces the formation of a unique set of intradimer interactions which determine the conformation of the octameric ring. The absence of the c-phosphate in ADP is reflected in the lack of ligand-mediated intra-dimer interactions and in the relaxation of the ring.
Implications for KtrAB activation
We have uncovered several differences between KtrAB and the BK [13] [14] [15] and MthK 11,12,24 channels which have an impact on their mechanisms of transport activation. In channels, the RCK rings are covalently tethered to the C terminus of a single channel pore domain and the rings expand symmetrically upon binding of an activating ligand. In KtrAB, the cytoplasmic loops of the KtrB homodimer mediate the interaction with the KtrA (RCK) ring and the ring contracts asymmetrically upon binding of ATP.
To propose an activation mechanism for KtrAB we need to define its 'gates' (that is, regions that undergo a conformational change and close/open the ion pathway)-ion transporters 25 and channels 26 can have multiple gates. In KtrAB, the intramembrane loop has been proposed to be a gate 9, 19 . A comparison between KtrB and TrkH structures ( Supplementary Fig. 7a-d ) raises the possibility of another gate region; it shows the M2b helix/D1-D2 loop region adopting different conformations. In TrkH, helices M2a and M2b (in repeat D1) are continuous and the ordered amino acid stretch of the D1-D2 loop is positioned so that it partially obstructs the cytoplasmic ion pathway of KtrB. This indicates that this region is able to adopt different positions and could function as a gate.
We foresee therefore two possible activation mechanisms for KtrAB (see also Supplementary Discussion 27,28 ). For model 1, the asymmetric KtrA contraction/expansion occurs along the diagonal defined by the lateral contacts (Fig. 5a, b) . The direct connection between the KtrB C terminus, involved in the lateral-contact region, and the R417/intramembrane loop gate suggests that this would be the KtrA controlled gate. There are two pieces of evidence against this model: first, the R417/intramembrane gate seems to be closed in the KtrAB structure bound to ATP, an activating ligand. Second, sequential truncations of 1-3 residues in the C terminus have no apparent functional consequence. For model 2, the asymmetric change in KtrA occurs along the diagonal defined by the tip contacts (Fig. 5a, c) . We see no obvious direct structural link between the tip-contact region, formed by the D1-D2 loop in KtrB, and the R417/intramembrane gate (Fig. 2a) . A clear alternative is that the D1-D2 loop is the KtrA controlled gate, whereas the R417/intramembrane gate is activated by an as-yet-unknown stimulus. Upon ATP binding, the D1-D2 loop 
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would adopt the conformation seen in the KtrAB structure, opening the cytoplasmic pore and resulting in an increase in transporter activity, as detected by our functional assay. Full transporter activity, as seen in cells 8 , would require not just ATP but also the influence of another stimulus to activate the intramembrane gate.
In summary, this study provides novel insights and raises new ideas about the structure and mechanism of regulation of the KtrAB K 1 transporter, offering a better understanding of the function of the Trk/ Ktr/HKT transporters in bacteria, archaea, fungi and plants.
METHODS SUMMARY
Briefly, B. subtilis KtrB was overexpressed in the BL21(DE3) E. coli strain, protein extracted with dodecylmaltoside, affinity purified in cobalt matrix and further purified by size-exclusion chromatography. Tag-less B. subtilis KtrA protein was overexpressed in BL21(DE3), and protein was purified by affinity chromatography in an ADP-agarose matrix. KtrAB complex was assembled by mixing KtrB and KtrA. Preparation of proteoliposomes and 86 Rb 1 flux assay was performed as previously described with some variations 6, 29 . For crystallization the complex was further purified and detergent exchanged to Cymal6 by size-exclusion chromatography. 42 programs. Growth complementation assay followed protocols previously described 6, 8 . Protein quality control was performed by mass spectrometry.
Full Methods and any associated references are available in the online version of the paper. ARTICLE RESEARCH
